Little is known about the frequency of germ-line mutations in the breast cancer susceptibility genes BRCA1 and BRCA2 among Asian populations. We investigated the distribution of BRCA1 and BRCA2 germline mutations and polymorphisms in a cohort of women from Shanghai, China.
Introduction
Although the incidence of breast cancer in China is about one-third that in the United States (1), the overall rate of breast cancer in women from China has been increasing (2) . Little is known regarding the role of inherited susceptibility genes in breast cancer risk among Chinese women. To develop genetic screening guidelines for both Chinese women and United States women of Chinese descent, a population-based assessment of BRCA1 and BRCA2 germ-line mutation distribution and frequency is needed.
To date, information regarding the frequency of BRCA1 and BRCA2 mutations in Chinese women with breast cancer has been derived from two small hospital-based reports. In the first, 76 consecutive breast cancer cases diagnosed before age 40, and 16 women with a family history of breast or ovarian cancer, were screened for germ-line mutations in BRCA1 (3) . Protein truncating mutations were observed in 8.6% of women. In the second study, 3.8% of 130 tumors collected from mastectomy patients in Hong Kong were found to carry protein-truncating mutations in BRCA1 (4). The prevalence was 8.0% in patients diagnosed under age 45 (4) . In the same study, investigators observed a single variant, 589delCT, in three unrelated patients from within a single province of Southern China, suggesting a possible founder effect. However a later more detailed study of 60 early onset breast cancer cases did not reveal any additional carriers (4, 5) . Neither study examined the role of BRCA2 mutations in Chinese women.
Studies of women with ovarian cancer have also contributed to our understanding of the role of BRCA1 and BRCA2 mutations in Chinese women. An analysis of 60 ovarian cases from Hong Kong, unselected for family history, revealed that 11.3% and 2.1%, carried germ-line mutations in BRCA1 and BRCA2, respectively (6) . A subsequent analysis of 214 consecutive ovarian cases, also from Hong Kong, suggested a founder effect associated with the 1081delG BRCA1 mutation in women of Southern Chinese descent (7) .
In the aggregate, these results suggest a role for inherited susceptibility genes in breast cancer among Chinese women, particularly among women diagnosed early in life. However, none of these prior studies were population based, and, therefore, none provided accurate estimates of the frequency of specific germ-line changes in the BRCA1 and BRCA2 genes among unselected women with breast cancer. This study provides important data concerning the frequency and types of BRCA1 and BRCA2 mutations in predisposition to breast cancer among Chinese women in Shanghai from a well-defined population.
Subjects and Methods
This study was conducted within a cohort of Ͼ266,000 current and former female textile workers in 519 factories in Shanghai who were recruited into a randomized trial of breast selfexamination (BSE) between October 1989 and October 1991. The methods for the trial have been reported previously (8, 9) . Briefly, nearly all of the women were administered a four-page optically scannable baseline questionnaire at recruitment. Multiple methods of active and passive case finding were developed to ensure nearly complete identification of women with breast cancer or biopsied benign breast lesions. All of the women in the cohort were followed through July 31, 2000, for vital status, continued employment in the textile industry, and residence in Shanghai, and development of breast diseases. During the course of the trial, independently funded case-control studies nested within the BSE trial cohort were conducted. These provided the opportunity to obtain blood specimens and interviews from variously defined subsets of women who developed breast cancer and benign breast disease, and from randomly selected control women without breast disease (10) . All of the diagnoses were confirmed by pathology review in Seattle.
Women with breast cancer included in those case-control studies with sufficient WBCs for DNA extraction and genetic analysis constitute the breast cancer cases in the present investigation. Because breast cancers that occur in young women are more likely to be related to BRCA1 or BRCA2 than breast cancers in older women, a higher proportion of cases diagnosed before age 45 than after were selected for blood draw. A total of 1801 breast cancer cases occurred during the follow-up period (478 under 45 and 1323 age 45 and older) of which 645 (35.8%) are included in the present study. These include 256 (53.5%) of the cases diagnosed before age 45 and 389 (29.4%) cases at Ն45 years of age at diagnosis. Similar proportions of the cases that were and were not included reported a history of breast cancer in a mother or sister on the baseline questionnaire. The proportions of cases with such a history in women included and not included in this study were 4.0% and 3.3%, respectively, for all of the women, 5.3% and 3.6% for women under 45, and 3.1% and 3.3% for older women. None of these differences are statistically significant (P ϭ 0.48, 0.38, and 0.87, respectively). All of the blood specimens collected from breast cancer cases in this report were obtained between September 1, 1994 and July 31, 2000.
Women in the BSE trial cohort who were diagnosed with benign breast disease at each of three hospitals associated with the Shanghai Textile Industry Bureau between September 1, 1995 and December 16, 1997 were also included in this investigation. Interviews and blood samples suitable for BRCA1/2 testing were obtained between September 1, 1995 and December 31, 1997 from 342 eligible women. The proportions of women having a family history of breast cancer on the baseline questionnaire were 3.1% among the women who were tested, and 3.5% among the 3466 not included in this study (P ϭ 0.66). The proportion of women with benign breast disease that had proliferative fibrocystic conditions was 48.8% in the women included in the study, and 44.8% in those not included.
Unaffected controls (319 women without breast cancer or benign breast disease) were randomly selected for this study from among the controls recruited into the nested case-control studies. Women were chosen so that the distribution of their ages at interview (in 5-year intervals) matched the ages at diagnosis of the women with breast cancer. Interviews and blood samples were obtained from controls between September 1, 1995 and July 31, 2000 . Control women who were tested did not differ from the BSE cohort members without breast disease who were not tested with respect to family history of breast cancer on the baseline questionnaire (1.7% versus 2.1%, respectively; P ϭ 0.57).
A total of 1306 women were included in this study. All of the women who consented were administered a questionnaire by a trained interviewer at or near the time of blood draw. Information on standard risk factors for breast cancer was obtained, and each subject was asked to provide detailed information on any cancer diagnoses for her grandmothers, mother, sisters, and daughters. For each affected relative, the interviewer asked about vital status, age, type of cancer, and age at diagnosis. The Institutional Review Boards at the Fred Hutchinson Cancer Research Center and the Shanghai Textile Industry Bureau approved the study, and informed consent by all of the subjects was obtained before their participation. Molecular Analyses. Genomic DNA was purified from frozen buffy coats using standard protocols (11, 12) . The complete coding regions and exon-intron boundaries for both the BRCA1 and BRCA2 genes were screened for DNA sequence variants by single-strand conformation polymorphism assay. Amplification of coding regions used both primers reported previously (13) (14) (15) Multiplex reactions of up to three different PCR products were loaded on 0.5tϫ MDE gels. Electrophoresis was performed at room temperature for 16 -20 h at 6 W. Exons 6, 11h, and 13 were also run on 3% glycerol gels for 8 h at 8 W. Results were visualized by autoradiography. Amplification and electrophoresis were repeated for confirmation of altered migration patterns of variant bands found in Ͻ5% of the population. Bands were cut from gels and DNA isolated using protocols published previously (16) . DNA was sequenced on an ABI 373, 377, or 3700 fluorescent sequencer with Dye Terminators (PE Applied Biosystems) using the manufacturer's suggested protocols.
All of the DNA sequence changes noted were assigned to one of three groups. Group 1 included variants that are clearly or highly likely to be deleterious, including all of the known protein truncating mutations and splice-site alterations within 2 bp of any exon boundary. Group 2 included variants of unknown significance including missense changes, intronic changes 3-40 bases from the exon boundary, and single amino acid deletions. This category likely included some mutations that are disease-associated, as well as others that do not have functional consequences. Group 3 is unlikely to be of functional significance based on what we currently know about the BRCA1 and BRCA2 proteins. This category included silent changes and intronic changes Ͼ40 bases from the exon, and for BRCA2, any change after the polymorphic stop codon at amino acid 3326. Our rationale for counting BRCA2 mutations beyond 3326 as group 3 changes stems from the observation that a common polymorphic nonsense change exists at amino acid 3326 within the general population that is observed in 2.2% of normal control individuals (17) . Thus, mutations found beyond 3326 are likely to have little functional significance. Statistical Analysis. Standard 2 tests were used to determine whether family history varied between those tested and not tested for BRCA1 and BRCA2 mutations. For tested breast cancer cases, the Fisher exact test was used to evaluate differences between frequencies of BRCA1 or BRCA2 mutation types by age at diagnosis and family history of breast cancer. The binomial exact 95% confidence interval (CI) was computed for the proportion of cases with each type of BRCA1 or BRCA2 mutation. Where there were zero mutations in a specific group, one-sided 97.5% CIs were computed. Unconditional logistic regression (18) was used to compute odds ratios as estimates of relative risk (RR) of breast cancer and benign breast disease in relation to the various types of BRCA1 and BRCA2 mutations. Women with more than one mutation in either BRCA1 or BRCA2 were categorized according to the mutation most likely to be of functional significance. Women with a change in both genes were included in the analyses for each gene. All of the statistical analysis was performed using Stata statistical software (Stata Corporation, College Station, TX) or SAS (SAS Institute Inc., Cary, NC).
Results
Cases were similar in age to controls (39.7% and 39.5%, respectively; had a reference age under 45). However, women with benign breast disease were significantly younger, with 68.4% having a reference age Ͻ45 (Table 1) . Women with breast cancer reported more first-degree relatives with breast cancer than did women with benign breast disease or normal control women, although the differences were not statistically significant. Few women reported breast cancer in their grandmothers, and no breast cancers were reported in other seconddegree relatives. Only 1 woman had multiple relatives with breast or ovarian cancer, a breast cancer case with breast cancer in her maternal grandmother and mother.
DNA sequence changes in the BRCA1 and BRCA2 genes were observed in 5% of the study subjects overall. If a sample contained multiple germ-line changes, only the change that was most likely to be disease associated was counted for each woman. No woman had more than one group 1 mutation. Two breast cancer cases had both a group 1 and group 2 BRCA1 mutation, and 1 control had both a group 2 and group 3 BRCA1 mutation. One woman with breast cancer had both a BRCA2 group 1 and group 2 mutation, and 3 had both group 2 and group 3 mutations. Six other women had other combinations of BRCA1 and BRCA2 group 2 and 3 mutations. Table 2 shows the distribution and frequency of all of the DNA sequence changes in the BRCA1 and BRCA2 genes that were observed. Seven and 9 group 1 mutations were observed in BRCA1 and BRCA2, respectively, as were 96 and 73 group 2 mutations, and 13 and 48 group 3 mutations. Thirty-seven unique events were observed for BRCA1 and 56 for BRCA2, with several events occurring multiple times. Specifically, 54 breast cancer cases, 27 women with benign breast disease, and 30 controls shared 24, 10, and 16 unique mutations, respectively, in BRCA1, whereas 74 breast cancer cases, 25 women with benign breast disease, and 23 controls shared 39, 17, and 19 unique mutations in BRCA2. Twenty-eight (76%) and 31 (45%) of BRCA1 and BRCA2 changes, respectively, have not, to our knowledge, been reported previously.
A total of 13 distinct BRCA1 or BRCA2 group 1 mutations were observed in 16 women. (Table 3 , A and B). The 5589del8 change, however, was observed in two separate cases. By comparison, 8 unique BRCA2 protein-truncating mutations were found in 9 women, 1 who had only benign breast disease and 1 who was a control. The remaining 2 women with a group 1 mutation had the identical BRCA1 splice-site change, IVS3-2AϾG.
Several group 2 missense changes were observed for both genes. Overall, however, such changes were more commonly noted in BRCA2 than BRCA1. In addition, several missense changes were observed more frequently in cases than controls (Table 3 , A and B). For instance, the I1929V change was observed in 5 cases, 1 woman with benign breast disease and 1 control; the K2729N variant was observed in 4 cases, but no women with benign breast disease nor any controls. While provocative, neither of these results was statistically significant.
As expected, there was an increased RR of breast cancer in women with a group 1 mutation (Table 2 ). For BRCA1, only cases had group 1 mutations; the lower bound of the 97.5% CI was 1.5. For BRCA2, the RR associated with a group 1 change was 3.6 (95% CI, 0.6 -68.0). When BRCA1 and BRCA2 group 1 mutations were assessed together, the age-adjusted RR, relative to women with no BRCA1 or BRCA2 alterations of any type, was 7.2 (95% CI, 1.4 -130). RR assessment of BRCA2 group 2 changes revealed a borderline statistically significant result of 1.6 (95% CI, 0.9 -3.2). RRs of 1.3 and 1.4 were observed for BRCA1 and BRCA2 group 3 changes, respectively, but the results were not statistically significant.
Women with benign breast disease were similar to controls with regard to frequency and type of mutation (Table 2 ). There was no significant difference between women with different types of benign breast disease and mutation type (data not shown). However, there were two results of note that may merit further study; 1 woman with a BRCA2 group 1 change a P for differences between breast cancer cases and controls based on standard 2 tests. b P for differences between women with BBD and controls based on standard 2 tests. c Age is age at diagnosis for cases and age at blood draw and interview for women with BBD and for controls. d Includes 112 women with no history of cancer in first-degree female relatives, but history was incomplete for one or both grandmothers; also includes 4 women with no history of cancer in either grandmother, but history was incomplete for 1 or more first-degree female relatives. e Includes 31 women with no history of cancer in first-degree female relatives, but history was incomplete for one or both grandmothers; also includes one woman with no history of cancer in grandmothers or sisters, but mother's history was unknown. f Includes 139 women with no history of cancer in first-degree female relatives, but history was incomplete for one or both grandmothers. g One case has both maternal grandmother and mother with history of breast cancer.
(1529del4) was diagnosed with proliferative fibrocystic disease, and a second woman with a BRCA2 group 3 mutation (4035T/C) was diagnosed with atypical proliferative disease. This group 3 change was also found in 3 cases, but no controls.
The distribution of BRCA1 mutations, according to disease characteristics and family history features, is summarized in Table 4 . Seven cases (1.1%) had a BRCA1 group 1 mutation, 6 of whom were diagnosed after age 45. There was a significantly higher proportion of group 1 mutations (P ϭ 0.006) among cases with a family history of breast and/or ovarian cancer (3 of 37; 8.1%) compared with cases without a family history (4 of 590; 0.7%).
The single woman with a group 1 mutation who was diagnosed before age 45 also reported a first-degree family history of ovarian cancer, and 2 of the women with a group 1 mutation who were diagnosed at age 45 or older had a family history of breast cancer. One relative was diagnosed with breast cancer before age 45 and the other at age 45 or older. A total of 6.0% and 1.2% of cases had group 2 and group 3 changes, respectively.
Disease characteristics and family history features of women with BRCA2 changes are summarized in Table 5 . Seven cases (1.1%) had a BRCA2 group 1 mutation, 4 of whom were diagnosed under age 45. One woman, diagnosed under age 45, also reported a first-degree relative diagnosed with breast cancer under age 45. Group 2 and group 3 changes were seen in 6.4% and 3.9% of women, respectively, with 4 of 41 women with a group 2 change reporting a family history of breast cancer. All 4 of these women were diagnosed under age 45, 2 with a first-degree relative diagnosed under age 45, 1 at an unknown age, and 1 with a second-degree relative diagnosed at age 45 or older. No women with any BRCA2 change reported a family history of ovarian cancer.
RRs in relation to BRCA1 mutations did not differ appreciably when the analyses were restricted to women without any BRCA2 changes (572 cases, 296 controls, and 317 women with benign breast disease). Nor did RRs in relation to BRCA2 mutations differ appreciably when analyses were restricted to women without BRCA1 changes (591 cases, 289 controls, and 315 women with benign breast disease).
Discussion
We observed that 1.1% of Chinese women with breast cancer were group 1 BRCA1 mutation carriers, and 1.1% were group 1 BRCA2 carriers. Our data are most comparable with a population-based study from Britain in which the respective proportions of BRCA1 and BRCA2 mutation carriers were 3.1% and 3.0%, in women diagnosed when Ͻ50 years of age, and 0.49% and 0.84% in women diagnosed when Ͼ50 years of age (19) . These results compare well also with the data of Newman et al. (14) , who reported that 3.3% of white women from a population-based study who were 20 -74 years at diagnosis were BRCA1 mutation carriers. In addition, Southey et al. (20) reported a BRCA1 mutation frequency of 3.8% (95% CI, 0.3-12.6) among Australian women diagnosed when Ͻ40 years old. These percentages are similar but larger than those observed in this study. This may reflect a smaller contribution by BRCA1 and BRCA2 to breast cancer in Chinese women. Alternatively, the differences could reflect variation in mutation detection methods or be due to chance.
The incidence of breast cancer in the population of women included in the trial of breast self-examination, from which the subjects for this study were selected, is similar to that for women in the general population of Shanghai (9) . Furthermore, the women included in this study with breast cancer, benign breast diseases, and no breast disease reported a family history of breast cancer with a frequency similar to comparable women in the trial cohort who were not included in this study. It is quite likely, therefore, that the observed BRCA1 and BRCA2 mutation frequencies observed in women with and without malignant and benign breast diseases are reasonable estimates, respectively, for affected and unaffected Han Chinese women in general.
Overall we observe a 1:1 ratio of BRCA1:BRCA2 group 1 mutations. This ratio is distinct from the patterns observed in many studies of high-risk families, where a ratio of 1.5-2.0 is typically observed (21) . We note also that 76% of BRCA1 and 45% of BRCA2 variants have not been reported previously, and several of the remainder have been observed only in Chinese or Japanese women (4, (22) (23) (24) (25) . Only two of the five BRCA1 frameshift mutations (2229delAA (20), (23), (24), (25), (27) V465del  10  2  1  H523R  10  2  1  1872G/A  10  3  2  1  1  2000del4  10  1  1  BIC, #  S708T  11  2  1  BIC  2355G/C  11  3  1  V783I  11  2  1  3391del4  11  1  1  3403C/T  11  3  1  3648T/C  11  3  2  4035T/C  11  3  3  1  BIC, (26)  M1272V  11  2  1  BIC  N1459S  11  2  1  1  Q1502R  11  2  1  K1533N  11  2  1  1  BIC  4965A/G  11  3  1 and 5589del8) had been reported previously, and five of the eight BRCA2 frameshift mutations (1529del4, 2000del4, 5301insA, 5950delCT, and 6633del5) had been reported previously (Table 3 and references therein). The overall number of carriers, however, is insufficient to determine whether any of these variants represent true founder events, and the samples were not haplotyped for SNPs adjacent to, or within, coding regions. Three BRCA2 mutations have been reported frequently from a variety of ethnic groups, suggesting that they are either ancient mutations or that they represent hot spots for mutation (21) . These include 1529del4; reported in British and United States women (21), 6633del5, which was observed previously in Austrian, Japanese, and Italian women (26 -29,) and is also noted in the Breast Cancer Information Core, an international and voluntary, web-based databank of BRCA1 and BRCA2 mutations reported by Ͼ20 participating groups (30) . 6 Although not highly quantitative, the Breast Cancer Information Core provides a valuable resource for tracking the occurrence of mutations throughout both the BRCA1 and BRCA2 genes. Also observed was a 5301insA change in BRCA2, reported several times in European women (29, 31, 32) and in women of Near and Middle Eastern descent in the Breast Cancer Information Core.
We observed an increased RR for breast cancer among women with BRCA2 group 2 mutations, which was of borderline statistical significance (Table 2) . Twenty-six of the 30 changes found in BRCA2 group 2 are missense changes. One such change was of particular interest; G2508S was found in more cases than controls (5 cases, 2 controls, and 1 woman with benign breast disease), including 1 case with a second-degree family history of breast cancer. In addition, the change occurred in a domain conserved in the dog, human, and mouse (33) .
Previous reports based on Caucasians have suggested that women with proliferative benign breast disease are at a 1.6 -1.9-fold increased risk for breast cancer, with an even stronger association noted (3.6 -5.9-fold) among women with atypia (34 -36) . To date, there are no reports among women of any ethnic background suggesting a role for BRCA1 or BRCA2 in increased susceptibility to benign breast disease, and this study of Chinese women found no such association.
We note two limitations of this study. First, while efficient and cost effective, single-strand conformation polymorphism may miss 20 -30% of sequence alterations, most of which are likely to be single base changes (37) (38) (39) . This methodological limitation leads to an underestimate of the number of missense and nonsense changes. This is supported by the work of Eng et al. (39) , who compared several different methodologies for detecting mutations in the BRCA1 gene in a blinded study involving 58 distinct mutations. Single-strand conformation i a Frameshift and splice-site mutations (no nonsense changes were found in this study). b Missense changes, single amino-acid deletions and intronic changes Յ40 bases from coding region. c Silent changes, intronic changes Ͼ40 bases from coding region, and changes after the BRCA2 polymorphic stop codon at amino acid 3326. d 95% confidence interval (CI) for proportion of cases with mutations in this group. e P for differences in mutation frequencies among women in different categories of each characteristic. f Family history of cancer was unavailable for 18 women; among these women, 1 had a group 2 mutation and 1 had a group 3 mutation. g Includes 112 women with no family history of cancer in first-degree female relatives, but history was incomplete for one or both grandmothers; also includes 4 women with no family history of cancer in either grandmother, but history was incomplete for one or more first-degree female relatives. h One woman also had maternal grandmother with family history of breast cancer. i One-sided 97.5% confidence interval. j Relative's age at breast cancer was unknown for 1 woman. a Frameshift and splice-site mutations (no nonsense changes were found in this study). b Missense changes, single amino-acid deletions and intronic changes Յ40 bases from coding region. c Silent changes, intronic changes Ͼ40 bases from coding region, and changes after the BRCA2 polymorphic stop codon at amino acid 3326. d 95% confidence interval (CI) for proportion of cases with mutations in this group. e P for differences in mutation frequencies among women in different categories of each characteristic. f Family history of cancer was unknown for 18 women; there were no BRCA1 mutations among these women. g Includes 112 women with no family history of cancer in first-degree female relatives, but history was incomplete for one or both grandmothers; also includes 4 women with no family history of cancer in either grandmother, but history was incomplete for one or more first-degree female relatives. h One woman also had family history of breast cancer in maternal grandmother. i One-sided 97.5% confidence interval. j Relative's age at breast cancer was unknown for 1 woman. polymorphism detected 72% of the possible mutations, and most missed were, as expected, single base changes, with a particular preference for missing C or G to T changes (39) . In addition, because of limited amounts of DNA, we did not undertake Southern blotting to scan for large genomic deletions, which are known to account for up to 15% of diseaseassociated mutations reported among Caucasian women (21) . If a common founder mutation were to fall in the category of missed changes, it could lead to an underestimate of the overall frequency of mutations in Chinese women. Second, few women in the study reported a positive family history of breast cancer. This is to be expected in populations with low incidence rates of breast cancer. In addition, this may reflect limitations in the self-reporting system used to obtain a family history, including the fact that some women were unsure of their family history. It is also theoretically possible that the mothers of a subset of study subjects died too early in life to have developed breast cancer, but this is unlikely to be the explanation; 346 cases had mothers who died, of which 322 reported the age at death of the mother. The mean age at death was 68 years, and median was 70 years; thus, mothers who died were relatively long-lived.
Among women with a family history of breast cancer, the contribution of germ-line mutations in the BRCA1 and BRCA2 genes appears similar to that observed in women of Western European descent. The types of variants observed, however, are largely unique, suggesting a repertoire of mutations that should be the focus of studies aimed at developing genetic risk profiles for United States women of Asian descent. The frequency of BRCA mutations in the study population was low, which limited the power of this study to estimate precisely mutation frequencies. Additional studies involving larger numbers of women are needed to fully assess the frequency of founder mutations, and determine the true population frequency of BRCA1 and BRCA2 mutations in Chinese women.
